INTRODUCTION
============

With the introduction of drug-eluting stents (DESs), the occurrence of in-stent restenosis (ISR) has dramatically decreased. However, ISR still remains a challenging obstacle in specific conditions, such as diabetic patients, long and multiple stent implantations and acute coronary syndrome. Especially in patients with diabetes mellitus, many studies have shown that increased restenosis after percutaneous coronary intervention (PCI) is partially due to amplified inflammatory response and increased neointimal hyperplasia. To overcome this problem, a variety of drugs with the potential to suppress neointimal proliferation have been evaluated, but most of them were not successful.

Thiazolidinediones (TZDs) are agonists of the peroxisome proliferation-activated receptor-γ (PPAR-γ) and they are anti-diabetic agents with activities for regulating the transcription of genes encoding proteins involved in insulin sensitivity and lipid metabolism.[@B1] Recent intravascular ultrasonography (IVUS) studies have reported they have the potential to reduce neointimal proliferation, ISR and revascularization after bare-metal stent (BMS) implantation.[@B2]-[@B7] However, many studies,[@B8]-[@B10] including a recent meta-analysis evaluating rosiglitazone in about 27000 patients with diabetes, showed that rosiglitazone was related to an increased risk of cardiovascular death and myocardial infarction.[@B8]

Although whether pioglitazone presents the same risks as rosiglitazone remains unsolved, it seems that pioglitazone reduces cardiovascular events compared with a placebo group.[@B11],[@B12] One of the largest trials, the Prospective Pioglitazone Clinical Trial in Macrovascular Events (PROactive) trial, evaluated more than 5000 diabetic patients at high risk of macrovascular complications, and the study showed that pioglitazone non-significantly reduced the risk of coronary and peripheral vascular events.[@B11] In terms of a secondary end point, a composite of death from myocardial infarction or stroke, a statistically significant risk reduction was reported in the pioglitazone medication group.[@B11]

Until now, most of the studies were performed with pioglitazone of 30-45 mg daily in patients who underwent PCI with BMSs.[@B13]-[@B15] Few studies have systematically examined the effect of low dose pioglitazone, especially in patients who underwent PCI with DESs.[@B16],[@B17]

The objective of our study was to assess whether low-dose pioglitazone (15 mg/day) reduces ISR, neointimal proliferation, atheroma volume and cardiovascular events in type 2 diabetes mellitus (DM) patients undergoing PCI with DESs.

MATERIALS AND METHODS
=====================

Study design and subjects
-------------------------

This study was a single center, prospective and placebo-controlled randomized study. From October 2009 to July 2011, the study population included patients who had a known medical history or they were newly diagnosed with type 2 DM and symptomatic ischemic heart disease with an angiographically significant coronary lesion and who had undergone PCI with DESs. For the diagnosis of type 2 DM, patients had to meet the criteria of 1) fasting plasma glucose level \>126 mg/dL, 2) known medical history of type 2 DM and 3) glycosylated hemoglobin level \>7 mg/dL. For glycemic control, all kinds of diabetic medication were allowed, including insulin. Coronary artery disease included one-vessel or multi-vessel disease, a vessel length of less than 50 mm and a vessel diameter from 2.5 mm to 4 mm with *de novo* lesion, diffuse long lesion and ostial lesion. The exclusion criteria were patients who were already taking pioglitazone or patients with bifurcated (\>2 mm) lesion, chronic total obstruction lesion, left main lesion, liver and renal dysfunction, left ventricular (LV) dysfunction (LV ejection fraction \<40%) at the time of PCI or previous myocardial infarction (MI) in the previous 6 weeks before intervention. After the index PCI procedure with DESs, the patients were randomly assigned to two groups: either the study (pioglitazone 15 mg daily) group or the control group (placebo daily). The patients took the medication for 12 months.

Clinical follow-up
------------------

A total of 121 patients completed with clinical follow-up: 60 patients in the pioglitazone group and 61 patients in the placebo group. At 12 months after PCI, complications and clinical outcomes were assessed, including all-cause death, re-PCI \[target lesion revascularization (TLR), target vessel revascularization (TVR), non-TVR\], MI and stent thrombosis. TLR was defined as clinically and angiographically driven PCI of the initially treated target lesion, including the stented segments and the segments within 5 mm from both the proximal and distal stent edges. TVR was defined as clinically and angiographically assessed PCI of the initially treated target vessel.

Study end points
----------------

The primary end points were rate of ISR and late loss according to quantitative angiographic analysis as well as changes in atheroma and neointimal volume according to IVUS analysis. The secondary end points were all-cause death, MI \[non-ST segment elevation myocardial infarction (NSTEMI), ST segment elevation myocardial infarction (STEMI)\], re-PCI (TLR, TVR, non-TVR), a composite of them (all-cause death, MI, re-PCI) and stent thrombosis at 12 months.

Angiographic and IVUS procedures
--------------------------------

Coronary angiography was performed with the standard radial and femoral approaches. Before the procedure, all patients received a loading dose of aspirin (300 mg) and clopidogrel (300-600 mg) and 100 U/kg of heparin intravenously; this maintained the activated clotting time within 250-300 seconds. For the IVUS study, intracoronary nitroglycerin (200 µg) was administered. An IVUS study was done before and after the stenting procedure. A commercially available system (CVIS/Boston Scientific Corporation, San Jose, CA, USA) was used for the IVUS examinations. The system consisted of a single-element 40-MHz transducer mounted on the tip of a flexible shaft rotating at 1800 rpm within a 2.6-F rapid exchange/common distal lumen imaging sheath. The IVUS study was performed with an automated pullback device at a rate of 0.5 mm/s. After the index PCI, the patients were maintained on a treatment of aspirin (100 mg/day) plus clopidogrel (75 mg/day) for at least 12 months.

Quantitative coronary angiography and IVUS analysis
---------------------------------------------------

All the angiographic and IVUS data were analyzed by two cardiologists who were blinded to the clinical information and the objective of this trial. Minimal luminal diameter (MLD) and reference diameter (RD) were measured and the percent of diameter stenosis was calculated. We estimated neointimal proliferation in the stent area and change in atheroma in the target lesion, which was more than 10 mm apart from stent ([Fig. 1](#F1){ref-type="fig"}). All the ultrasound images were reviewed and evaluated for both qualitative and quantitative parameters. The images were digitized to perform morphometric analysis with commercially available planimetry software (echoPlaque, IndecMedical Systems, Santa Clara, CA, USA). The lumen and stent cross-sectional areas (CSAs) were measured throughout the stented segment at 1.0-mm increments. Neointimal CSA was then calculated as the difference between stent CSA and lumen CSA and neointimal volume was calculated with Simpson\'s method. The neointimal index was calculated as: neointimal volume/stent volume ×100. The lumen and vessel CSAs were measured at 1.0-mm increments for 10 mm from both the proximal and distal stent edges in a subset of the patients. Plaque CSA was calculated as the vessel CSA minus the lumen CSA. The vessel, lumen and plaque volumes were calculated with Simpson\'s method. The vessel, lumen and plaque volume indexes were calculated as volume divided by the length of the measured atheroma.

Statistical analysis
--------------------

The quantitative data are presented as means±SDs or medians with inter-quartile ranges, and the qualitative data are presented as frequencies. Continuous variables were compared with t-tests. If normality was not met, then Wilcoxon test and Mann-Whitney test were used. Non-continuous variables were compared by the chi-square test. Statistical significance was met for *p*-values less than 0.05. All statistical analyses were performed with the SPSS version 18.0 software package (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Clinical characteristics
------------------------

A total of 121 patients were followed for 12 months (60 patients in the pioglitazone group and 61 patients in the control group). One hundred and five patients (51 in the pioglitazone group and 54 in the control group) completed follow-up coronary angiography. Among them, follow-up IVUS was done in thirty-four patients (18 in the pioglitazone group and 16 in the control group). The baseline clinical demographic and angiographic findings were not significantly different between the two groups ([Table 1](#T1){ref-type="table"}). More than 70% of the patients were male. The mean age was 60.3±9.5 in the pioglitazone group and 61.9±8.8 in the control group. The average disease duration of DM was 6.0±7.0 years in the pioglitazone group and 5.5±6.4 years in the control group (*p*=0.407). There were no significant differences in medications. About seventy three percent of the patients were taking statins (atorvastatin, rosuvastatin) in both groups ([Table 2](#T2){ref-type="table"}).

Baseline angiographic and procedure characteristics
---------------------------------------------------

There were no significant differences in the angiographic procedures between both groups ([Table 3](#T3){ref-type="table"}).

Quantitative coronary angiographic and IVUS results
---------------------------------------------------

Coronary angiographic follow-up was done in 51 patients in the pioglitazone group and 54 patients in the control group. There were also no significant differences in the quantitative coronary angiographic analysis (QCA) analyses in both groups. The mean lesion length and reference diameter (RD) were similar between the two groups (RD: 2.64±0.46 mm in the pioglitazone group and 2.67±0.43 mm in the placebo group, *p*=0.809, lesion lengths: 26.6±10.79 mm in the pioglitazone group and 28.5±13.18 mm in the placebo group, *p*=0.412). There were no significant differences in pre-MLD, post-MLD and MLD at 12-month follow-up between both groups. This was the same for the pre- and post-follow-up diameter stenoses ([Table 4](#T4){ref-type="table"}). The amount of late loss was similar between the two groups (0.35±0.57 in the pioglitazone group and 0.31±0.60 in the control group, *p*=0.97). There were no significant differences in the ISR between both groups \[4 patients (9.3%) in the pioglitazone group and 4 patients (7.5%) in the placebo group\].

At 12 months, neointimal volume index, as analyzed by IVUS, in the stent area was not significantly different between both groups (1.86±1.04 mm^3^/mm in the pioglitazone group and 2.08±0.58 mm^3^/mm in the control group, *p*=0.474). The percent change in neointimal volume (%) was not statistically different (20.3±10.3% vs. 22.9±3.6%, respectively, *p*=0.315) ([Table 5](#T5){ref-type="table"}). IVUS analysis was performed on the atheroma in the target lesions more than 10 mm apart from the stent at baseline and at 12 months. There was no statistically significant reduction in plaque volume in the pioglitazone group compared to that in the control group (follow-up plaque volume index: 7.9±7.5 mm^3^/mm vs. 7.6±3.4 mm^3^/mm, *p*=0.772, percent change in plaque volume: -0.03±0.21% vs. -0.06±0.33%, *p*=0.772, respectively) ([Table 5](#T5){ref-type="table"}).

Lipid profiles at baseline and after 12 months
----------------------------------------------

The baseline lipid profile was similar in both groups and mean glycosylated hemoglobin levels showed no significant difference ([Table 6](#T6){ref-type="table"}). In the pioglitazone group, triglyceride (TG) levels were decreased and high density lipoprotein cholesterol levels were increased at the 12 month follow-up compared to the control group, but there were no significant differences.

Clinical outcomes
-----------------

An in-hospital complication occurred in only 1 patient (1.2%) in the control group and there was none in the pioglitazone group. The incidence of major adverse cardiac event (MACE) at 12 month follow-up was not significantly different between both groups \[7 patients (11.7%) in the pioglitazone group and 8 patients (13.1%) in the control group, *p*=0.514\]. The incidences of each of the components of MACE (death, MI, TLR, TVR, stent thrombosis) were similar between both groups ([Table 7](#T7){ref-type="table"}). Stent thrombosis developed in 1 patient (1.7%) in the pioglitazone group and in 2 patients (3.3%) in the control group.

DISCUSSION
==========

Among the results of our study, the administration of low dose pioglitazone (15 mg daily) was unable to reduce ISR, late loss, neointimal hyperplasia and atheroma. All cause death, MI, stent thrombosis and re-PCI in the pioglitazone group were not significantly different from those of the control group. Low dose pioglitazone did reduce coronary atheroma and ISR, different from that of high dose pioglitazone.

Thiazolidinediones act as PPAR-γ agonists and they have immunomodulatory and anti-inflammatory actions. They eventually reduce the early phase of atherosclerosis and attenuate the development of intimal hyperplasia after balloon-induced vascular injury.[@B13],[@B18] In regards to their mechanisms, TZDs suppress growth factor-mediated proliferation and migration of vascular smooth muscle cells; they enhance cytokine-mediated apoptosis of developed neointimal tissues and they may increase epithelial progenitor cells resulting in increased endothelialization and reduction of in-stent restenosis.[@B19],[@B20] PPAR-γ is highly expressed in activated macrophages,[@B21] and so activation of PPAR-γ receptors with pioglitazone in the macrophages within the arterial wall after PCI may reduce local inflammatory and proliferative responses, thereby, finally, reducing restenosis.

Many previous studies have reported that high dose pioglitazone (30-45 mg/day) reduced neointimal hyperplasia by IVUS analysis and reduced the rate of ISR and TLR in both diabetic[@B13]-[@B15],[@B22] and non-diabetic patients[@B23] who underwent PCI. As compared with rosiglitazone, which is known to increase cardiovascular adverse events,[@B8] pioglitazone has been found to have beneficial effects on cardiovascular endpoints according to large trials like the PROactive trial (PROspective pioglitAzone Clinical Trial In macroVascular Events)[@B11] and the PERISCOPE trial (Pioglitazone Effect on Regression on Intravascular Sonographic Coronary Obstruction Prospective Evaluation).[@B17] The PROactive trial, which involved more than 5000 type 2 DM patients with known macrovascular disease, showed that pioglitazone treatment did not reduce the primary outcome, which was a composite of cerebral, cardiac and peripheral events, nor both disease-related and procedural endpoints, but a statistically significant reduction in the main secondary outcomes of all-cause mortality, MI or stroke was reported.[@B11] However, almost every study has evaluated the effect of pioglitazone at full doses of 30 mg to 45 mg per day. In the real world, for the several reasons, including the risk of peripheral edema, aggravation of congestive heart failure and liver dysfunction, as well as cost and limited health insurance coverage, prescribing a full dose of pioglitazone is limited. Therefore, the evaluation of a threshold concentration of pioglitazone that can reduce ISR and neointimal proliferation is necessary for its application in the clinical field. There is, however, little data on the effect of low dose pioglitazone. One trial evaluated the benefit of pioglitazone at 15 mg per day in humans.[@B16] In that trial, low dose pioglitazone reduced ISR at 6 months after primary PCI with BMSs in patients with acute myocardial infarction and type 2 DM or impaired glucose tolerance. Fifty six patients treated with pioglitazone were compared with 37 patients treated without pioglitazone. At the 6 month follow-up, the ISR rate was also significantly lower in the pioglitazone group than that in the controls (21.3% vs. 44.8%, respectively, *p*=0.03).[@B16] One other retrospective cohort study showed that compared with rosiglitazone, both a high dose of pioglitazone (30 mg/day) and a low dose of pioglitazone (15 mg) were associated with a significantly lower risk of the composite outcomes of death, readmission, MI and heart failure in DM patients.[@B17] In our study, the administration of low dose pioglitazone failed to reduce the rates of ISR and neointimal proliferation. This result was different from that of high dose pioglitazone. This could be explained by several factors. First, our results may be related to the dose of pioglitazone. High dose pioglitazone suppress local inflammatory conditions after PCI and reduces ISR, but low dose pioglitazone may be not sufficient to suppress the local inflammatory process after PCI. Joner, et al. reported that a low dose of pioglitazone (3 mg/kg per day, which was equivalent of 15 mg/day in humans) did not reduce neointimal proliferation and restenosis after PCI with BMSs in a rabbit model. But high doses of pioglitazone did reduce neointimal proliferation and restenosis.[@B24] Second, although a beneficial effect for pioglitazone in reducing ISR, neointimal proliferation and clinical outcomes has been reported by a large randomized trial and meta-analysis, almost all of the subjects were DM patients who underwent PCI with the BMS. There is currently little data on whether or not pioglitazone reduces ISR and neointimal proliferation in DM patients who have undergone PCI with DESs. Therefore, the effect of pioglitazone on neointimal proliferation after PCI with DESs should be thoroughly investigated by a large-scaled randomized trial. A large scale randomized multicenter center study comparing the efficacy of patients receiving both high dose pioglitazone and sirolimus-eluting stents is in progress in Italy.

In our study, there were no differences in clinical outcomes at 12 months between a low dose pioglitazone group and control group. There was no data on long term clinical outcomes for low dose pioglitazone. Large scale long term follow-up study will be needed with low dose pioglitazone.

Langenfeld, et al.[@B25] reported that high dose pioglitazone (45 mg/day) reduced carotid intimal media thickness (IMT) after 12 and 24 weeks. Rosiglitazone also reduced the carotid IMT.[@B26] But there is currently no data on whether or not pioglitazone could induce regression of coronary atheroma. We analyzed atheroma on target lesions by IVUS after the administration of low dose pioglitazone for 12 months. There was no change in plaque volume index and percent change in plaque volume compared to the control group. This result may indicate that a low dose of pioglitazone is not sufficient to reduce coronary atheroma. The reason therefore may be as follows: change in carotid IMT is more sensitive than that in coronary atheroma after taking statins and PPAR-γ agonists. High dose rosuvastatin regressed coronary atheroma in the ASTEROID study.[@B27] Statin has a strong influence on LDL cholesterol. Regression of coronary atheroma is mostly related to a reduction of LDL-C. Pioglitazone mainly reduces TG. Therefore, we were unable to observe a change in coronary atheroma in our study.

The limitations of our study are the small sample size, single center study, and heterogeneity in the type of DES used. Considering the low incidence of restenosis after DES, a large scale randomized study will be needed with low dose pioglitazone.

In conclusion, our study demonstrated that low dose pioglitazone does not reduce ISR, neointimal volume nor atheroma volume after 12 months in DM patients who have undergone PCI with DESs.
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###### 

Baseline Clinical Characteristics
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BMI, body mass index; AP, angina pectoris; NSTEMI, non ST-segment elevation myocardial infarction; STEMI, ST-segement elevation myocardial infarction; PCI, percutaneous coronary intervention; HTN, hypertension; DM, diabetes mellitus.

###### 

Medications
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^\*^First, second generation sulfonylurea.

###### 

Baseline Angiographic Characteristics
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VD, vessel disease; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery; SES, sirolimus eluting stent; PES,paclitaxel eluting stent; ZES, zotarolimus eluting stent.

###### 

Quantitative Coronary Analysis
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MLD, minimal lumen diameter; DS, diameter stenosis; ISR, in-stent restenosis.

###### 

Quantitative IVUS Analysis on Neointimal and Atheroma of the Target Lesion
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IVUS, intravascular ultrasonography.

###### 

Baseline and Follow-Up Lipid Profiles and HbA1c
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TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; HbA1c, hemoglobin A1C; TG, triglyceride.

^\*^There was no statistical significance.

^†^*p*\<0.001.

###### 

Clinical Outcomes at 12 Months
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TLR, target lesion revascularization; TVR, target vessel revascularization; MI, myocardial infarction.
